The in£uence of maternal and grandmaternal age on progeny egg-to-adult viability was assessed in Drosophila serrata. Viability in progeny decreased with increasing maternal age. The potential for cumulative age e¡ects was investigated in two environments, one of which involved nutrient and cold stress. Environment in£uenced viability and female age in£uenced progeny egg-to-adult viability across one generation. The in£uence on viability was cumulative across two generations. Females from old mothers, who also had old grandmothers, had the lowest viability in both environments. Grandmaternal e¡ects were associated with a decrease in egg hatch rate whereas maternal e¡ects also involved larval-to-adult viability. The age of the mother and grandmother should be taken into account when evaluating lifehistory traits in Drosophila.
INTRODUCTION
Whilst the ¢tness of an individual will largely re£ect its genotype and the immediate impact of the environment, other factors can also contribute. These include rearing conditions, such as crowding or nutrition level, encountered early in development, and the environment and genotype of an individual's parents (termed`carry-over' e¡ects). It is now known that carry-over e¡ects, where exposure of adults to altered temperatures or environments in£uences progeny ¢tness traits, exist for a number of life-history traits and other traits in insects (Mousseau & Dingle 1991) .
As well as involving the direct e¡ects of the environment, carry-over e¡ects can result from the age of the parents (Parsons 1964; Mousseau & Dingle 1991) . Early work on the in£uence of parental age on progeny ¢tness in rotifers (Lansing 1947 (Lansing , 1948 suggested progeny from old females had reduced life span. Reversal of the age of females at egg collection resulted in increased longevity. This prompted Lansing (1947) to suggest`a transmissible, cumulative, and reversible factor in aging' a¡ected progeny traits in Philodina citrina and Euchlanis triquetra. Age e¡ects have also been reported for other traits. For instance, there is evidence that parental age can in£uence the quality of o¡spring produced by females in a range of organisms (Mousseau & Dingle 1991) .
Despite early work on parental-age e¡ects in Drosophila (Parsons 1964) , little attention has been paid to them. Most Drosophila studies on age e¡ects have not looked directly at the e¡ect of parental age on progeny ¢tness but instead have considered physiological changes associated with changes in parental age, molecular aspects, selection experiments and comparison of populations that have been generated from individuals of di¡erent ages (e.g. Comfort 1953; Parsons 1962; Wattiaux 1968; Lints & Hoste 1974; Ganetzky & Flanagan 1978; Rose & Charlesworth 1981a,b; Luckinbill et al. 1984; Partridge & Fowler 1992; Roper et al. 1993; Chippindale et al. 1994; Orr & Sohal 1994; Hansen & Price 1995) . Only in a few cases have direct e¡ects on o¡spring been detected (Parsons 1962; Beardmore et al. 1975; Mills & Hartmann-Goldstein 1985; Watson & Ho¡mann 1995) . These studies have suggested that, at least in Drosophila melanogaster, parental age can in£uence the length of the development period and also the viability of o¡spring and the heritability of at least one trait, although it is di¤cult to separate e¡ects of male age, female age and mating e¡ects in most studies.
Here we describe a large direct maternal age e¡ect on o¡spring viability in Drosophila serrata, which becomes marked even when £ies are a few weeks old. We show that grandmaternal as well as maternal age impacts on o¡spring viability, and that e¡ects can be cumulative. These e¡ects are likely to impact on the ¢tness of D. serrata, particularly in its ability to persist and compete under conditions where o¡spring production by older parents is favoured, such as over winter in cool areas.
MATERIAL AND METHODS
Two experiments were performed to investigate the e¡ects of maternal age on progeny ¢tness. The ¢rst was designed to assess the e¡ect of age on progeny egg-to-adult viability and the second to assess the consequences of female age across more than one generation. A third experiment was undertaken to control for potential confounding e¡ects of age on mating and to distinguish between carry-over e¡ects on egg hatch and larvalp upal viability.
(a) Stocks
D. serrata is an endemic Australian Drosophila species that has been used in studies on the ecological genetics of species' borders (Blows & Ho¡mann 1993; Jenkins & Ho¡mann 1999) . Two populations of D. serrata were used. Both populations were maintained at 25 § 1 8C in 24 culture bottles, with two or three transfers per generation (nˆ10 000). The ¢rst experiment involved a mass population generated by combining individuals from 30 isofemale lines collected from Taree and Forster, New South Wales, Australia, in October 1996 and was performed when this mass-bred line had been in the laboratory for nine generations. The second and third experiments used a mass population of D. serrata collected from Wollongong, New South Wales, Australia, in April 1998. This population was formed by combining o¡spring from 25 inseminated females from the ¢eld. Females from the eighth (second experiment) or sixteenth (third experiment) generation in the laboratory were used to initiate the experiments.
(b) Experimental conditions (i) E¡ect of female age on p rogeny viability
For the ¢rst experiment, virgin females were collected upon eclosion and paired with young (two to four days postemergence) males in an empty glass vial. A plastic spoon with 2 ml treacle medium (spread with 10% yeast) was added to the vial and females laid eggs on this surface. Eggs were collected from the same 50 females every day for 15 days. Eggs (20 except in a few cases, never fewer than 16) were placed into each of two replicate vials containing 13 ml medium. In this way, vials were set up using eggs laid on each of the ¢rst 15 days of life from each female, and egg-to-adult viability was scored for each day. For each vial, egg-to-adult viability at 25 § 1 8C (constant light) was calculated by scoring the total number of adults that eclosed.
(ii) E¡ect of female age on p rogeny viability across generations
The e¡ect of maternal age across generations was investigated in the second experiment, which was performed in two environments. We considered two environments because any impact of di¡erences in maternal age may be restricted to the environment in which it is studied (Meadow & Barrows 1971) . Both environments involved a rearing temperature of 25 § 1 8C and constant light. The ¢rst environment (`normal') involved an agar^dead yeast^potato sugar medium, which is our normal laboratory rearing medium for D. serrata. The second environment (`stress') consisted of a combination of nutrient and temperature stresses, involving a medium with a reduced nutritional level (no potato and 25% yeast). First and second instar larval stages were exposed to a 90 min period of cold stress at +1 8C on each of the ¢rst three days of development. Figure 1 outlines the experimental design. The subscript normal' or`stress' denotes the treatments from the two environments. This experimental design tested the impact of age in a single generation, across two comparisons (P^F 1 and F 1^F2 ) and across three generations (P^F 1^F2 ). The direct in£uence of both grandparental age and parental age could be assessed and the impact of the environment on trait measures and age e¡ects could be determined.
Forty virgin females were randomly chosen to initiate the experiment (P generation). Eggs were collected from these females at both a young (Y, 2^4 days) and an old (O, 24^26 days) age. After eggs were collected from the females when young, males were removed and females were aged individually in vials with a small amount of yeast to promote oviposition. This allowed us to control for male age by using fresh young (2^4 days) males to inseminate the females before egg collection at an older age. New males were placed with the females at 22 days of age prior to egg collection for the old-age treatments at 24^26 days. Eggs were placed into two replicate vials per female containing 13 ml medium. Twenty eggs were placed into each vial for the normal environment and 30 eggs into each vial for the stress environment. The number of eggs di¡ered because viability was expected to be lower in the stress environment and we wanted to ensure su¤cient progeny for the F 1 generation. Egg-to-adult viability was measured for each vial. Two females were chosen at random from each vial and again eggs were collected from these females at an early and a late age to evaluate F 2 egg-to-adult viability (see ¢gure 1).
A smaller repeat of this experiment was also undertaken to control for any possible confounding e¡ects of age on mating and to separate age e¡ects on hatch rate and larval viability further. In this third experiment all males and females were set up in pairs and observed continuously for 6 h for mating. Any pairs unmated at the end of this period were excluded from subsequent measures of hatch rate (scored by counting hatched eggs after 24 h) and larval viability (scored by counting the number of adults produced from hatched larvae). This experiment was set up only in the normal environment.
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(c) Data analysis
The data were arcsine transformed before analysis. In the ¢rst experiment, regression was used to investigate changes in viability with age. In the second experiment, the impact of the environment was ¢rst assessed by performing an ANOVA using female means pooled across replicate vials. This was followed by separate analyses for each environment to investigate carry-over e¡ects using either ANOVAs or non-parametric tests.
There are three sets of comparisons for testing the in£uence of maternal and grandmaternal age on progeny ¢tness. The ¢rst comparison investigated the e¡ect of the age of an individual from the P generation (Y versus O) on o¡spring (F 1 ) viability. ANOVAs were used because the data were normally distributed after transformation. Parental individual was a factor in the ANOVAs because the same 40 individuals were used at di¡erent ages to generate F 1 o¡spring. To test the e¡ect of individual female parents, data from the two replicate vials with eggs from each female parent were kept separate.
The second and third sets of comparisons tested the impact of maternal and grandmaternal age on viability of the F 2 generation. The second comparison considered di¡erent maternal ages when grandmothers were the same age (YY versusYO, OY versus OO). The third comparison examined F 2 data where grandmothers were a di¡erent age but mothers were the same age (YY versus OY, YO versus OO). This last comparison therefore looked at the impact of grandmaternal age and assessed whether grandmaternal-and maternal-age e¡ects were cumulative. Wilcoxon paired sample tests were used to compare the treatments, which were related samples because the same females were used to set up the P generation. This test is the non-parametric analogue of the paired-sample t-test (Zar 1996) and was used because data from some treatments had a skewed distribution.
For data generated in the third experiment, Wilcoxon tests were also used because data had a skewed distribution. Comparisons were similar to those undertaken in the second experiment except that there was one environment and egg hatch was treated separately from larval-to-adult viability.
RESULTS

(a) E¡ect of female age on progeny viability
Progeny egg-to-adult viability decreased steadily with increasing female age (¢gure 2) and a regression line ¢tted to this data was signi¢cant (bˆ7 0.024, s.e.m.0
.003, p 5 0.001). The viability of eggs laid on day 1 was zero because the females would have been unmated; sexual maturation occurs in females of D. serrata between 24 and 36 h (M. J. Hercus, unpublished data). ANOVAs were also performed to investigate the e¡ects of individuals constituting the P generation and age in each environment separately (table 1) . There were signi¢cant e¡ects of both individual and age, and a signi¢cant interaction between the two, in both laboratory environments. This indicates variation among mothers in their impact on o¡spring viability and also suggests that age e¡ects on o¡spring viability di¡ered between mothers.
Mean egg-to-adult viability for the F 2 generation is presented in ¢gure 3b. In comparing the treatments that shared grandmothers of the same age, the in£uence of female age in the parents can be assessed. This includes comparisons of YY normal versus YO normal , OY normal versus OO normal , YY stress versus YO stress and OY stress versus OO stress . Wilcoxon rank tests showed signi¢cant di¡erences between viability of o¡spring produced from young and old females (table 2) . Values in the table are negative because the second treatment had a lower viability than the ¢rst treatment used in the comparison. In the normal environment, progeny from old females had a signi¢-cantly lower viability than progeny from young females (i.e. YY normal 4 YO normal and OY normal 4 OO normal ). In the stress environment, age was only marginally signi¢cant in the comparison involving young grandmothers (YY stress 4 YO stress ).
The third set of comparisons considered grandmaternal e¡ects. In the normal environment, o¡spring with old grandmothers had a low viability, especially when their mothers were also old (OO normal , see ¢gure 3b). This e¡ect was also present in the stress environment but not to the same degree. Wilcoxon signed rank tests (table 2) indicate that in the normal environment the age of the grandparent had a signi¢cant e¡ect when the parent was young (YY normal versus OY normal ), but not when the parent was old (YO normal versus OO normal ). This was also evident in the stress environment (only YY stress versus OY stress was signi¢cant).
To summarize, the egg-to-adult viability was generally higher for o¡spring produced from young females, although this e¡ect varied among mothers. The viability e¡ect was accentuated in the next generation, when progeny from old mothers who also had an old grandmother showed the lowest levels of viability. This was consistent across both environments but more pronounced under normal conditions.
(c) Separating e¡ects on egg hatch and larval viability In the third experiment, we ensured that all females mated and examined larval-viability and egg-hatch e¡ects. For hatch rate, means were lowest for the OO treatment and highest for the YY treatment (¢gure 4a). The Wilcoxon tests indicate signi¢cant maternal and grandmaternal e¡ects on hatch rate (table 2) .
Larval-to-adult viability also di¡ered between the treatments, but only maternal e¡ects were signi¢cant. Means (¢gure 4b) and comparisons (table 2) indicate that larval-to-adult viability was reduced in o¡spring of old mothers. Thus age e¡ects on larval viability were evident but over only one generation.
Overall e¡ects on egg-to-adult viability in this experiment match those observed in the previous experiment, although viability levels were relatively higher (¢gure 4c), presumably because unhatched and unfertilized eggs produced by females that failed to mate were excluded in this experiment.
DISCUSSION
There was a large e¡ect of parental age on egg-to-adult viability of progeny in all three experiments. In the ¢rst experiment, we could not distinguish between the in£uence of male and female age since the same males were used throughout. In other studies looking at the e¡ects of parental age on progeny ¢tness traits in Drosophila (e.g. Parsons 1962; Mills & Hartmann-Goldstein 1985) it is also not possible to separate male and female in£uences. However, in our second and third experiments it was clear that maternal age had a large impact on o¡spring viability.
In the second experiment, we assumed that female age e¡ects were unrelated to the age of the sperm stored by the females. Since the viability of eggs produced by females separated from males for 10 days is reduced to almost zero and persists at this level in measures made up until 20 days of age (M. J. Hercus, unpublished data), we assumed that females at 24^26 days old retained few sperm from males mated at 2^4 days old. Fresh (and young) males placed with females before egg collection for old-age treatments were observed to mate quickly with the females. The new males therefore presumably provided sperm for old females and sperm retention is unlikely to have played a major role. In the third experiment we used only females that were observed mating with males to ensure that sperm from the new males was available. Thus the e¡ects of female age on o¡spring are likely to be largely due to female e¡ects rather than sperm storage. A mutant stock of D. serrata could provide additional data on storage e¡ects in any future studies.
The third experiment indicated that maternal-age e¡ects were not limited to egg hatch, since larval^pupal viability, as well as egg-hatch rates, was in£uenced by maternal age. In contrast, grandmaternal e¡ects appeared to be mediated via egg-hatch e¡ects. There are several reasons why egg hatch may have been a¡ected by parental age. Perhaps some component of fertilization was less e¡ective when eggs and sperm were stored in older females. Alternatively, provisioning of the eggs in older females may have been altered. Resource provisioning may also have in£uenced larval viability. Nevertheless, the data indicated that these negative e¡ects did not apply to all females; in each comparison there were older females whose eggs all hatched (and whose hatched eggs all developed to the adult stage).
A vast amount of literature (e.g. Rose 1991; Rose & Finch 1994; Esser & Martin 1995; Holliday 1995; Schneider & Rowe 1996) focuses on the potential mechanisms behind ageing. The potential causes of the maternal-age e¡ects seen here could be mutation accumulation in somatic cells (and/or in germ cells) or a decline in general physiological condition perhaps due to tradeo¡s. The latter relates to resource availability, where resources needed to produce ¢t progeny at older ages may not be available.
In the second and third experiments, the e¡ects of maternal age due to mutation accumulation in somatic cells or resource allocation can be partly separated from those due to mutation accumulation in germ-line cells by observing the performance of the second generation. If somatic mutations and/or resource allocation are solely responsible, progeny from young mothers might revert back to higher ¢tness in F 2 . This was clearly not the case. There was evidence that grandmaternal age as well as maternal age in£uenced o¡spring ¢tness, measured as egg-to-adult viability in both environments. In the normal environment £ies with both old grandmothers and old mothers had the lowest viability suggesting that age e¡ects may be partly cumulative. Although there was some increase in viability in the OY normal treatment, the mean viability of this treatment was lower than in the YY normal treatment. Thus somatic mutation accumulation and/or physiological e¡ects cannot entirely account for the results unless these e¡ects carry over more than one generation.
It is not clear why the stress environment alleviated the e¡ects of old maternal age. Other data have indicated that the environment can in£uence maternal-age e¡ects (Meadow & Barrows 1971; Fox 1993; Fox & Dingle 1994) . Perhaps in our experiments the maternal-age e¡ects on o¡spring quality were countered by the stresses. For instance, the extended development time of larvae and pupae in the stress treatment may have meant that larvae had longer to acquire resources essential for completing development and this could have countered any reduction in provisioning of eggs produced by older females.
The experiments presented here indicate a direct e¡ect of maternal and grandmaternal age on progeny viability. It appears that maternal age is one factor to be considered when life-history traits in D. serrata are measured. These types of e¡ects may have a number of implications in the ¢eld. Cage experiments suggest that D. serrata can overwinter at the adult stage (A. Magiafoglou, unpublished data). It seems likely from the present results that old over-wintered females produce low-quality o¡spring, and o¡spring quality of the ¢rst spring generation may also be reduced. These carry-over e¡ects could in£uence the ability of D. serrata to compete against other Drosophila species. D. serrata coexists with cosmopolitans such as D. simulans, D. melanogaster and D.pseudoananassae as well as several endemic species (Parsons 1982) . Species di¡er-ences in carry-over e¡ects on o¡spring quality could impact on the outcome of competitive interactions and in£uence the relative abundance of the species at di¡erent seasons. Finally, responses to selection and rates of evolutionary change can be in£uenced by carry-over e¡ects such as those described here (Kirkpatrick & Lande 1991) .
